Abstract. In this paper, a new architecture for efficient linear radio frequency transmitters is proposed; it includes envelope-tracking (ET) and envelope-elimination-andrestoration (EER) architectures as special instances. The proposed technique is referred to as Envelope Factorization with Partial Elimination and Recombination (EF-PER). It relies on a decomposition of the
Introduction
Many modern communication and broadcasting systems, such as the LTE (long term evolution), rely on OFDM (orthogonal frequency division multiplexing) technology, mainly for its good spectral efficiency. Unfortunately, the peak to average power ratio (PAPR) of OFDM signals is high (typically of the order of 10 dB), which makes the design of transmitters with good linearity and efficiency difficult. Indeed, typical power amplifiers (PA) achieve maximum power efficiency when the maximum output voltage swing is reached and in that case, input levels are close to the saturation where the PA is non-linear. To improve linearity it is possible to impose the power amplifier (PA) to operate with a backoff from its saturation point but this is highly detrimental to the power efficiency. The higher the PAPR, the higher is the necessary backoff and the lower the power efficiency. Several approaches [1] , [2] , [3] , [4] were investigated to improve the tradeoff between linearity and efficiency by modifying the input signal (crest factor reduction, predistortion), the PA design [1] (Doherty, Switch-mode PA, DPA/RFDAC) or the transmitter architecture and the PA design at the same time (LINC/CALLUM, EER, ET).
It is possible to decrease the PAPR of OFDM signals by using techniques such as clipping or more sophisticated crest factor reduction methods. It allows one to decrease the backoff and therefore to increase the efficiency but this is most of the time detrimental to the signal quality.
Digital PreDistortion (DPD) [5] consists in distorting the input signal by a baseband predistorter whose characteristics are the inverse of those of the PA. It is currently one of the most effective linearization methods and it is widely used for base station transmitters in cellular communications and broadcasting. In some cases, it can improve the efficiency by decreasing the necessary backoff. However, it cannot provide this high efficiency over a wide range of variation of the signal mean power. Additionally, the computational load of DPD is important and it may increase the power consumption of the baseband part of the transmitter. This is negligible for high power transmitters of base stations but not for mobile handsets. Consequently, other efficiency improvement techniques, mentioned below, can not only be an alternate solution but fruitfully combined with DPD [6] . Doherty power amplifiers [7] are based on an active load modulation principle that allows one to improve the transmitter efficiency for high PAPR signals. Doherty PAs are currently associated with DPD in base station transmitters. Their main shortcomings are bad linearity, size of the structure (two or more PAs are used with impedance converters) and limitation in terms of bandwidth and frequency flexibility. For those reasons, this solution is not used in mobile handsets.
Switch-mode PAs [1] , [2] , [8] [9] [10] are based on operating the transistors in saturation and avoiding overlap in time between voltage and current, in order to minimize power dissipation. They are a potential solution for high efficiency amplification, but the transistor technology limitation in frequency impacts the performances. Besides, the architecture using this type of PA has to be modified to take into account the envelope amplitude variation. One approach is to encode the amplitude variation, with Pulse Width Modulation (PWM) or ΣΔ coding [4] , [11] , in order to suppress the dynamic. In these cases, a filtering of the RF signal is mandatory, at the PA output, to meet the spectrum mask requirements of the standards. This filtering reduces the system efficiency.
Digital PA and RF-DAC [4] , [9] , [12] can be used at low RF power of emission (Bluetooth for example) but they present the same kind of technological limitations and filtering needs as switch-mode PAs.
Other solutions are architectures based on a decomposition of the RF input signal x(t) = A(t) cos(ωt + φ(t)) into a sum or a product of two components), which are amplified separately in an efficient way and then recombined. This decomposition modifies the signal characteristics (frequency spectrum, statistical properties…) and consequently impacts the PAs design. We can cite LINC (LInear amplification with Non-linear Component), EER and ET architecture.
LINC [13] [14] [15] is based on decomposing x(t) into a sum of two constant amplitude component signals that can be amplified by 2 RF PAs in an efficient manner since their PAPRs are low. This is obtained at the expense of the signals bandwidths which are widened by this decomposition. The main limitations or challenges are the necessity to design identical amplifiers paths for the two signals and the difficulty to design a non-isolating lossless power combiner (since for isolating power combiners the losses can reach 3 dB, which limits the maximum efficiency to 50%). For these reasons, this method is not widely used currently.
EER [1] , [2] , [4] , [16] [17] [18] relies on a factorization of x(t) into a product of a constant amplitude bandpass signal x' 2 (t) = cos(ωt + φ(t)) and a baseband envelope signal x' 1 (t) = A(t). The constant amplitude bandpass signal x' 2 (t) can be amplified with an RF PA which operates in a high efficiency class. The baseband signal, x' 1 (t) is amplified by a highly efficient baseband PA (e.g., a switching mode class) and is used to modulate in amplitude the supply voltage of the RF PA, in order to recombine the signal components x' 1 (t) and x' 2 (t). The overall efficiency is mainly the product of the two PAs efficiencies. In such recombination, the time mismatch is critical [4] , [19] , [20] . The bandwidths of the signals x' 2 (t) and x' 1 (t) are wider than that of the original signal x(t), highly challenging the design of the baseband PA. Another difficulty arises when lowest values of the envelope occur on the supply voltage while the PA has a constant input RF power. This argues for a variation of the input RF signal in function of the envelope.
ET [6] , [10] , [17] , [21] [22] [23] [24] [25] [26] architecture is a kind of dynamic biasing techniques. It is built on the association of two signals: the baseband envelope signal x" 1 (t) = A(t) (like EER) and a bandpass signal x" 2 (t) = A(t) cos(ωt + φ(t)) = x(t); the envelope signal is used to modify the supply voltage of the RF PA in order to track the envelope signal and optimize the power efficiency. The gain and efficiency of the ET architecture depends on the supply voltage and RF signal input power in a complex way, inherent to the used PA. Therefore, a mapping has to be calculated to determine an optimal relation between the envelope signal and the supply voltage for a given criterion: maximum efficiency or constant gain for example. The mapped envelope signal is amplified by a baseband highly efficient PA which design's considerations are almost similar for EER and ET cases.
The new architecture EF-PER proposed in this paper, is built on a factorization into two signals, as in the case of EER and ET, but the baseband modified envelope signal is taken to be x 1 (t) = A(t) α , while the bandpass signal is taken to be equal to x 2 (t) = A(t) β cos(ωt + φ(t)) . Clearly, the cases (α,β) = (1,0) and (α,β) = (1,1) respectively correspond to EER and ET. These new degrees of freedom (α,β) can therefore be used to share the constraints between the RF and baseband paths in terms of input signal PAPR and bandwidths. We show, in the following parts, that EF-PER can be used for signals with higher bandwidths than in EER and ET cases. Also, the EF-PER is less impacted than EER by a time mismatch between the two signals paths.
The paper is organized in four sections including the introduction. Section 2 describes EF-PER and provides several analytical results on the signals under consideration. Section 3 provides electrical simulations with a nonlinear transistor model. This allows us to assess the performance of the proposed technique, mainly in terms of power efficiency versus output power. Section 4 concludes the paper.
EF-PER Linearization Technique

Principle of the EF-PER
In this section, we present the EF-PER architecture, we analyze the statistical properties of the signals components and compare them with those of EER and ET.
and cos
The key idea of EF-PER is to build an amplified modulated signal, x(t) = A(t) cos(ωt + φ(t)), from the combination of two elementary signals x 1 (t,α) and x 2 (t,β) that are amplified separately: a baseband modified envelope signal, x 1 (t,α) = A(t) α , and a bandpass signal,
. A mapping function g(.) can be applied to x 1 (t) to take into account the PA gain variation with supply voltage.
Baseband (BB) modulated signal :
e(t) = A(t) e jφ(t) A(t) β
Choice of α, β Fig . 1 describes the EF-PER method, where x 1 (t,α) controls the PA supply voltage, and x 2 (t,β) is the input of the RF PA. The choice made in this paper is to assume β = (1 -α) and a linear gain variation for g (.) , and assess the corresponding performance thoroughly. Although, by doing this, we move from two degrees of freedom to only one, we will see that this choice is sufficient to reach the set objectives namely, obtaining a large range of possible tradeoffs between EER and ET. This corresponds to:
Mean supply voltage
As α is a single parameter, we write x 1 (t,α) = x 1 (t) and
Analysis of Signals Characteristics
Performances of the structure depend on the characteristics of the input signal x(t) and, more precisely, of its components x 1 (t) and x 2 (t). In this paper, we consider OFDM signals because of their wide use in modern systems. In practice, there are at least four important criteria for the characterization of signal components:
 PAPR impacts directly the efficiency since the higher the PAPR, the higher the backoff.
 Cubic Metric [27] and, in our case, Raw Cubic Metric (RCM), is a good criterion for quantifying the power de-rating of the PA when driven by (OFDM) modulated signals, as suggested in 3GPP framework.
 Bandwidth is a critic characteristic, especially for the envelope path with a switch-mode PA. In our simulations, we have defined the bandwidth as the frequency range containing 99 % of the total power.
 Normalized variance (NVAR) is the variance divided by the square mean. It quantifies the dynamic variation (statistical) of the PA operating point. It is easier to optimize a PA to a signal whose variance is limited, around the nominal value. The variance directly increases the difficulty in maintaining PA gain constant, high output power and high efficiency. Some signals can have the same PAPR with different NVAR, impacting differently the PA gain, output power and average efficiency. This feature is complementary to PAPR and RCM because it highlights the electrical behavior variation of the circuits (mainly PAs) in the transmitter.
We have simulated PAPR, RCM and bandwidth for the two signals of EF-PER, in function of α. Also, we have derived analytically the statistical properties of x 1 (t) and x 2 (t) signals in the case where the envelope signal A(t) = |x(t)| is Rayleigh distributed (that is a good model for the envelope of OFDM signals with several tens of carriers) and given the closed-form expressions of their mean, variance and normalized variance. The knowledge of the probability density function is necessary to calculate the average efficiency (η) in function of the input power P in .
All the simulations under MATLAB have been performed for 256 OFDM symbols with 1024 sub-carriers and a 64-QAM modulation, at an oversampling rate of 16 which corresponds to more than 4 billion samples for x(t). The shaping filter is a raised cosine (roll-off = 0.5).
Equations (2a) and (2b) define the PAPR and RCM of x 1 (t) and x 2 (t). For simplicity in the analysis, we have expressed PAPR 1 and PAPR 2 in baseband even when x 2 (t) is a bandpass RF signal. Fig. 2 depicts PAPR 1 , RCM 1 , PAPR 2 and RCM 2 as a function of α. In this technique, the PAPR of the original signal x(t) is distributed between the two signals x 1 (t) and x 2 (t). This is why we have called this technique "partial elimination". 
In Fig. 2 , the worst cases for PAPR 1 and PAPR 2 correspond to the ET case, where both signals reach 12 dB. RCM 1 and RCM 2 present almost the same behavior as PAPR 1 and PAPR 2 in function of α. For the EER case, only PAPR 1 reaches this maximum value of 12 dB (PAPR 2 = 0 dB). Reducing the original PAPR or RCM of x(t) by sharing it out between x 1 (t) and x 2 (t) can be fruitful for improving PA performance (e.g. for α = 0.5, both PAPR are equal to 6 dB). Implementing an elimination (even partial) and recombination method implies a bandwidth widening effect due to the use of non-linear operators, such as calculation of the magnitude A(t) or its elevation to a power α . Fig. 3 represents the Power Spectral Densities (PSD) of x 1 (t) (baseband signal) and x 2 (t) (bandpass signal). In Fig. 4 , we have plotted (thanks to a cumulative sum in the simulation) the bandwidths corresponding to 99% of the power of the signals x 1 (t) and x 2 (t): BW1(α) and BW2(α) respectively. masses which are located according to the multiples of the symbol rate. The PSD of x 1 (t) is widening while α is increasing from 0 to 1. Choosing α = 0 implies that x 1 (t) is a constant value, and its PSD is a Dirac mass centered at the origin, and the case α = 1 corresponds to the PSD of the envelope signal A(t). EER and ET corresponds to worst cases for the bandwidth of x 1 (t), see Fig. 3 .
The bandwidth of x 2 (t) increases with α. For α = 1, x 2 (t) corresponds to the phase signal of the EER case, and presents the maximum bandwidth. ET case corresponds to the minimum bandwidth (α = 0) and EER is the worst case.
EF-PER values for BW1
and BW2 are increasing with α. We notice that ET leads to: BW1(1) and BW2(0), while EER represents an extreme case: BW1(1) and BW2 (1) . As said in the introduction, the EF-PER can especially reduce the bandwidth of the envelope signal path x 1 (t), compared to EER and ET cases.
When varying α, the signals x 1 (t) and x 2 (t) present different laws of probability. Statistical properties are very important for the PA because they determine the variation around the device operating point. We focus on the signals normalized variance (NVAR) for the component signals x 1 (t) and x 2 (t), respectively NVAR X1 and NVAR X2 . We can express the density probability function of x 1 (t) and x 2 (t) under the assumption that an OFDM signal can be considered as a centered complex Gaussian signal I + jQ where I and Q are independent and with a variance σ 2 . Analytically, A(t) is defined by a Rayleigh distribution and equation (3) gives the probability density for A(t) α which is calculated in the appendix.
Equation (4) provides the expression of the statistical mean and variance of the factorization signal (Γ is the "gamma" function). The mean and variance of x 1 (t) are highly dependent on α and σ. Also, the NVAR values, for α = 0.9 and α = 0.4 correspond to a division by 4. 
In EER and ET, the variance (and also PAPR and RCM) of the envelope signal x 1 (t) corresponds to worst cases. For the signal x 2 (t), ET is the worst case while EER is the best case. The statistical analysis therefore shows one advantage of EF-PER compared to ET and EER for x 1 (t) in reducing the normalized variance.
To conclude this sub-section, we have seen that EER has the advantage of reducing the PAPR and RCM of x 2 (t) but at the price of enlarged bandwidths for the signals. ET is the solution which presents the minimum bandwidth for x 2 (t) but implies a high PAPR on the two signals x 1 (t) and x 2 (t). Both EER and ET have high PAPR for the baseband signal x 1 (t). EF-PER can be seen as an intermediate solution which allows to trade-off the aforementioned advantages. Especially, it allows reducing the PAPR/RCM and the bandwidth of x 1 (t) compared to ET and EER. It also reduces the PAPR/RCM of x 2 (t) compared to ET.
Cost Function for the Choice of α
EF-PER can fruitfully share the constraints (PAPR, RCM, bandwidth, NVAR) on the signals x 1 (t) and x 2 (t) and is parameterized by α. To find an optimum value for α, we propose a cost function, F, constructed as the sum of two elementary cost functions, F 1 and F 2 , respectively corresponding to x 1 (t) and x 2 (t). Each elementary cost function is the product of PAPR, RCM, bandwidth and normalized variance of the signals, as seen in (5). Different cost functions can be defined, but we tried here to set one function F that enables a quantitative comparison of the different architectures, taking into account all the above mentioned characteristics of the signals impacting on the PA design. Note that all quantities which intervene in the expression of F 1 and F 2 have to be minimized: BW, PAPR, RCM and NVAR, which justifies the multiplicative structure of the proposed performance criterion. 
F 1 (α), F 2 (α) and F(α), respectively F 1 , F 2 and F, are plotted in Fig. 5 . The value of F for ET is not represented because it reaches 18.2 due to the high PAPR and RCM values of the two signals x 1 (t) and x 2 (t). an optimum value for α = 0.5. Nevertheless, this cost function averages different criteria and α = 0.5 is not optimal for each individual parameter, e.g. the bandwidth of x 2 (t) is increased compared to ET.
Some Implementation Considerations
The complexity of the implementation of the method is similar to that of EER and ET. The elevation to the power "α" of the envelope signal can be done by the use of Look Up Table (LUT) . The consumption and complexity involved by using this LUT can be compared to that of the mapping function in the ET architecture.
Another important point to consider is the sensibility to a time mismatch between the two signals x 1 (t) and x 2 (t) at the recombination. As it is highly impacting the spectrum in practice, especially for the EER architecture [2] , [4] , [17] [18] [19] [20] we have plotted in Fig. 6 the PSD, normalized in function of its maximum value, of the recombined signal, for an arbitrary time mismatch of 3T s /16. As the spectrum is more widened if α increases, results show that EF-PER, for α < 1, is less impacted than EER by the time mismatch at the recombination. We have simulated the EF-PER architecture (with α = 0.5) under Agilent-ADS with a realistic electrical nonlinear transistor model and compared this architecture with ET and EER. As seen in Fig. 1 , there are two PAs to consider: the RF PA (bandpass) and the baseband PA. The latter has to generate the supply voltage of the RF PA, while amplifying the envelope (or partial envelope) information. The signals recombination is achieved by supply modulating the RF PA. The electrical simulation has been performed at the RF PA level and an ideal envelope amplifier has been assumed. One of the greatest interests of EF-PER is to facilitate the design of the envelope amplifier since it reduces the PAPR/RCM and bandwidth of x 1 (t). Therefore, we focus this electrical simulation on the RF PA.
An RF PA has been simulated under Agilent-ADS with a non-linear AVAGO transistor model (E-PHEMT). This PA was tuned at 2 GHz. While modifying the RF driving signal and the supply-modulated voltage, the size of the transistor is fixed, whatever the architecture. Fig. 7 shows the electrical simulation circuit topology. We consider two cases for classes of operation: "continuous wave class" (CW, such as A, AB classes) for which the small-signal voltage v rf varies around a bias DC voltage V 0 and "highly saturated class B and switched classes" (SW) for which the voltage v rf varies from V pinch-off to the maximum of voltage excursion. The modulation of the driving signal and supply voltage are qualitatively represented in versus V drain ) illustrates the transistor dynamic driving. Electrical performances P RF (output power) and η (efficiency) are evaluated with classical sinusoidal formulae in that paper. In a first step, the supply voltage V DS and the driving input voltage, V GS = V 0 + v rf , are varied for SW and CW classes. Power Added Efficiency (PAE) is reported in Fig. 8 for different values of v rf and V DS .
In CW mode, the generation of dissipated power is highly linked to the value of v rf because the transistor is biased. That is why the maximum PAE is achieved for high values of v rf , which means for a transistor hardly driven at its input (saturation).
In SW mode, the transistor is driven by setting the value of V 0 equal to v rf , implying the lowest value of V GS to be "0" (pinch off voltage for this E_PHEMT). The output power is maximized at the saturation (as for CW). Efficiency is high for high values of v rf.
An optimization of the dynamical driving operation of the transistor is to control the variation of V DS and v rf in order to produce the desired output power while maximizing the efficiency.
EER, ET and EF-PER are different manners of varying V DS and v rf , and, consequently, represent different possibilities in driving the transistor. The emitted signal is supposed to be high PAPR OFDM. Consequently, supply voltage and input signal v rf are varied with power distributions discussed in the previous part. Also, different mean/ average power levels are possible as potential trajectories in the (V DS , v rf ) plane. If we fix the horizontal axis for V DS and the vertical axis for v rf , as in Fig. 9 , we can describe the trajectory of each method ET, EER and EF-PER. In this figure, the power distribution inside these ellipses presents a high PAPR and the mean value is spotted. EER ellipse is horizontal. EF-PER, due to the modification of the signals presented in the previous section, is described by an ellipse differently orientated and less extended than ET and EER. Thus, it can be adapted to the electrical characteristics of the transistor in the (V DS , v rf ) plane. Consequently, the tradeoff between efficiency and output power can be fulfilled more easily.
In order to confirm the observations, the PA is driven with the modulated OFDM signal in the EER, ET and EF-PER (α = 0.5) cases, at different power levels by setting v rf and V DS maximal values, and for both SW and CW classes of operation. The transistor size, tuning circuit and load remain unchanged for all of these simulations. Fig. 10 reports the results of these simulations in terms of power efficiency versus output power. Three areas are delimited in Fig. 10 : A, B and C.
Area C is the highest efficiency amplifications, at low power level, including EER and EF-PER examples. It is important to notice that we can make an efficient power control without focusing exclusively on maximum power generation. In fact, the power variation in wireless networks is often at medium and low level due to the power dynamical control. Area B presents a medium power and efficient amplification, in the range of 85÷88%, where the EER, ET and EF-PER examples are present. Area A delimits the highest power obtained. In that area, only EF-PER examples reaches more than 80% efficiency. Finally, the examples of area A, B and C confirm the qualitative analysis in which the output power at high efficiency is more easily reachable with EF-PER. Another interpretation is possible: for a given output power, the size of the transistor used in EF-PER will be potentially lower than for EER and ET, resulting in lower transistor output parasitic effects and higher transition frequency (F t ). To conclude this part, simulations based on a non-linear transistor model, and for a high PAPR OFDM signal, shows that the performances of the RF PA can be optimized by choosing the EF-PER method. Also EF-PER allows reducing transistor size since it delivers more power for a given efficiency. This new architecture enables the definition of different PA operating point (V DS /v rf ). Our examples of PA design simulations need to be improved, but confirm our qualitative analysis and the potential benefits of EF-PER.
Conclusion
EF-PER, a new efficient linear transmitter architecture, has been presented, analyzed, and compared to the standard EER and ET architectures. It is based on a decomposition of the input signal in two components: a baseband modified envelope signal that controls the supply voltage of the RF PA and an RF bandpass signal that feeds the RF PA. The proposed EF-PER technique is especially suited to high PAPR signals such as OFDM signals.
As EER and ET, therefore, the EF-PER architecture is constituted of an envelope path and an RF path, but these paths have different characteristics for the three architectures.
To analyze and compare the architectures, we have conducted a numerical analysis with MATLAB and a PA electrical simulation under Agilent-ADS (with a transistor model). These analyses were done for high PAPR OFDMlike signals. In addition, the EF-PER signal statistics have been fully characterized analytically. A new global cost function F has been proposed and presents an optimum value when setting the degree of freedom introduced by the EF-PER technique to α = 0.5.
In Sec. 2, the signals of the two paths have been characterized. It has been showed that, in comparison with ET and EER, EF-PER has the advantage of reducing the bandwidth, the PAPR/RCM and the normalized variance of the envelope signal. Compared to ET, the PAPR of the RF signal is decreased. Moreover, compared to EER, EF-PER is less sensitive to a time mismatch between the two paths, and the RF signal has a smaller bandwidth.
In Sec. 3, a realistic simulation of a 2 GHz PA has been performed with Agilent-ADS, based on the non-linear model of an E-PHEMT (AVAGO). The qualitative analysis of the optimal operating point of the PA has been confirmed by simulations and the simulation confirmed the potential of EF-PER in terms of output power versus efficiency. EF-PER can also be considered as a potential solution for RF PA transistor size reduction (thus improving transistor frequency limit). Section 2 and 3 provide two complementary points of view that justify the full relevance of EF-PER in practice. The interest of EF-PER has been showed to be the possibility of sharing out, or distributing, the critical parameters of the original input signal according to different criteria: Bandwidth, PAPR/RCM and normalized variance (NVAR). Future works will be to study the different parameters that can improve the method and to complete the EF-PER approach with PAPR reduction techniques and pre-distortion (DPD...).
